Introduction
In the compound eyes of a large variety of insect species optical effects can be observed upon a change in light condition (Exner, 1891) . The most beautiful phenomenon (at least for the human spectator), known already for about a century, is the warmly coloured eyeshine observable in dark adapted butterfly eyes (Exner, 1891; , which disappears within a few seconds with high intensity illumination. This striking effect has provoked several alternative explanations; respectively, a proximal pigment migration near the basal trachea (Demoll, 1909 (Demoll, , 1917 , migration of distal pigment enveloping the crystalline tract , contraction of retinula cells (Swihart, 1974; Swihart et al,, 1974) and pigment migration within the retinula 
Fig.
1. An ommatidium of a nymphalid butterfly is shown diagrammatically (redrawn from Yagi and Koyama, 1963, and Tinbergen, in preparation) . The trachea below the ommatidium function as a quarter wavelength interference reflection filter . The distribution of pigment granules in the retinula cells is proposed to depend on the state of light-dark adaptation cells (Stavenga, 1975a) . Evidence favouring the latter hypothesis will be presented in the present paper. Before going into the experimental results, first we shall recall some fundamentals of the optics of butterfly eyes. Also the present state of knowledge about insect pupil mechanisms will be reviewed.
The compound eye of butterflies, of which an ommatidium is shown diagrammatically in Figure 1 , has evolved a most remarkable accessory, namely the trachea form a quarter wavelength interference reflection filter proximal to the fused rhabdom Miller etal., 1968; see Land, 1972) . The effect of this structure is that light entering the eye through the facet lens and propagating along the rhabdom is reflected on the basal trachea and thus, after a double passage through the rhabdom, can leave the eye again (Demoll, 1917; Franceschini and Kirschfeld, 1971) . The colour of the reflected light is typical for the species, although a large variation can occur over the ommatidia in one and the same eye ; for beautiful photographs, see Bernard and Miller, 1970) . For completeness' sake we remark that eyeshine is absent in some families as for instance Papilionidae (Demoll, 1917; . (Furthermore we exclude here skippers, from which eyes only minute reflection changes can be detected; skippers have superposition eyes, quite distinct from the apposition eye of common butterflies.)
The functional importance of the basal reflector, probably for colour contrast vision Bernard, 1976) , is not well documented yet; all the same, the possibility of studying retinula cell processes in the completely intact animal as a result of the built-in-mirror is outstanding.
Indispensable to the understanding of the experimental results described below are the previous investigations on the eyes of flies and Hymenoptera (for extensive references see Franceschini and Kirschfeld, 1976; Stavenga and Kuiper, 1977) . In these eyes illumination not only elicits photochemical processes in the visual pigments, but also evokes a pupil reaction in the retinula cells. The pupil mechanism of flies and Hymenoptera is such that upon light adaptation tiny retinula cell pigment granules move towards the rhabdomeres. Arriving there, the pigment granules control the light flux by absorption and scattering as shown by the observed decrease in transmission and an increase in reflection from the eye. Although, as we shall show, the resulting optical effects in butterflies are rather different, mainly due to the existence of the basal reflector, control of light flux in the butterfly rhabdom most probably also occurs by mobile retinula Cell pigment granules.
Materials and Methods
Three species of nymphalid butterflies were investigated: the Red Admiral Vanessa atalanta, the Peacock Inachis io and the small Tortoiseshell Aglais urticae.
The methods used were largely the same as described before (Stavenga et al., 1973; Stavenga, 1975b; Beersma et al., 1975; Stavenga and Kuiper, 1977) . A butterfly captured shortly before the experiment was mounted in a plastic tube, notched for giving space to the wings. The only (and necessary) attack on the animal was the glueing with a little wax of the head to the thorax and the latter to the housing. In this way a stable and long lasting preparation is attained (Stavenga, 1975c) . Apparently the butterfly retina is quite rigidly constructed, since retinal drift, induced by respiratory movements, which is often rather disturbing in flies (see Kirschfeld and Franceschini, 1969 ) is absent; in most butterflies investigated no substantial drift of the retina occurred, even in time spans of several days.
The reflection measurements were performed on the deep-pseudopupil Kirschfeld, 1971, 1976) in the posterior-frontal region of the compound eye. Epi-illumination was appiied with two beams. High intensity illuminations from one beam elicited the photochemical and pupil processes. Usually this beam was monochromatic in the visual range (Schott-DAL interference filters). The second beam was exclusively used for sub-threshold testing of the pupil mechanism and therefore was employed an infrared transmitting filter (Schott RG 780). With an identical filter placed in front of the photomultiplier the (monochromatic) reflected light originating from the first beam then was eliminated; the infrared test light thus was detected exclusively.
The light reflected from the eye was measured with a wide spectral range photomultiplier EMI 9659 QB. The reflection signal was linearly recorded with a Tektronix 502a oscilloscope, a Servogor 1-pen recorder or a Houston instruments 2-pen recorder. The experimental reflection figures are presented without scale on the ordinate, since even an approximate estimate of the reflectivity is subject to several factors. The determination of absolute reflection spectra must remain the goal of a future study. Our concern in the present paper is the variation in time of the reflection from certain parts of the deep-pseudopupil at different wavelengths upon a step in illumination intensity; during an experiment the conditions remain constant.
The recordings of the infrared test experiments 8) were performed as follows. First the test beam was applied a few seconds to ensure that the test intensity indeed was below the threshold of the pupil mechanism. Then irradiation was applied, the duration of which was recorded in the lower trace. The time course of the infrared reflection was recorded in the upper trace. In Figures 3, 5 , 6 the test beam shutter was closed 1 min after the end of the irradiation in order to demonstrate the base line of the test recording.
Results
In this section we first describe the glow from butterfly eyes upon light adaptation. Subsequently we analyse the deep-pseudopupil, and specifically we describe the way in which its components contribute to the reflection signal. Furthermore we investigate the dependence of the pupil mechanism on light intensity and time in darkness. Finally we discuss recordings of photochemical processes in the visual pigment measured in the completely intact butterfly.
Pupil Phenomena
We start with the experimental reflection curves of Figure 2 in order to show the need for an optical analysis of the deep-pseudopupil. Figure 2 was obtained with the following procedure. The eye of the Red Admiral Vanessa atalanta, after a dark adaptation time of 1 min, was illuminated with intense white light. The reflected light was measured at selected wavelengths, using in sequence, an interference filter 488 nm (Fig. 2a) , an interference filter 584 nm (Fig. 2b) , or a far infrared transmitting filter RG 780 (Fig. 2c ) placed in front of the photomultiplier. It appears that at visual wavelengths the reflection, after a delay of a few tenths of seconds, starts to decrease, and after a few seconds monotonically approaches its final value. (We here neglect the spike occurring in the order of milliseconds, which emerges in the yellow, Fig. 2b , and which is a photochemical effect in the visual pigments.) Clearly the time course of The fall in reflection shown in Figure 2a and 2b can be interpreted in terms of migration of retinula cell pigment granules towards the rhabdom as outlined previously (Stavenga, 1975a; see Introduction) . The theory is that upon illumination an increasing number of pigment granules near the rhabdom boundary attenuate by absorption and scattering the light flux transmitted in the rhabdom, the granules thus serving a pupil function. Since the transmitted light is reflected on the basal tracheal mirror the decrease in transmission implies that the reflection from the rhabdom also must decrease.
When the number of pigment granules near the rhabdom increase monotonically the reflection must decrease monotonically. In these terms Figure 2 a and 2b can be satisfactorily understood, however, the theory seems to be violated by the biphasic curve of Figure 2 c. At this point we may recall our experiments Fig. 2a -c. Reflection curves from the compound eye of the Red Admiral. The eye was illuminated with intense white light (150 W Xe-lamp) during 9 s after a dark adaptation time of 1 rain. The reflected light was filtered in front of the photomultiplier with respectively an interference filter 488 nm (a), an interference filter 584 mn (b) or a infrared transmitting filter RG 780 (e); the ordinate scale is linear. At visual wavelengths the reflection drops upon light adaptation monophasically, in the infrared the reflection time course is biphasic p e r f o r m e d on the pupil mechanism of H y m e n o p t e r a (Stavenga and Kuiper, 1977) , where we m e a s u r e d the reflection time course during light a d a p t a t i o n and encountered biphasic reflection curves, very similar to that o f Figure 2c . We showed that the initial reflection decrease originated from a fall in reflection from the r h a b d o m and the following reflection increase was caused by a rise in reflection f r o m the region outside the r h a b d o m , both effects being the result of one and the same process, namely, the gathering of retinula cell pigment granules near the r h a b d o m .
We have to emphasize that in the case of the H y m e n o p t e r a , the explanation of our optical experiments in terms of pigment migration was firmly based on histological evidence for moving retinula cell pigment granules. In the case of butterflies pigment granules have been p r o v e d to exist in the retinula cells of the Small Tortoise shell Aglais urticae and the Large Cabbage-white Pieris brassicae (Tinbergen, in preparation), but we know of no published histological experiments demonstrating the dependence of granule distribution on dark-light adaptation. Therefore, although the assumption of a basically similar pupil mechanism in Hymenoptera and butterflies seemed to be obvious we decided, in regard of the debate reviewed in the introduction, to repeat with the butterfly some experiments which aided in understanding the Hymenoptera pupil mechanism; furthermore we wanted to see the extent of parallels, if any, between the pupil mechanism of the two insect orders.
Visual Observations on the Deep-Pseudopupil
In order to understand our subsequent analysis fully the phenomenon of the deep-pseudopupil has to be clearly understood. For an in depth description of the deep-pseudopupil the reader is referred to the innovative account of Franceschini and Kirschfeld (1971) . It has been shown in that paper that a superimposed image of rhabdom tips is approximately projected in a plane through the intersection point of the ommatidial axes. The image in this plane is called the deep-pseudopupil and in most dark-adapted butterflies is seen as a brilliantly coloured spot (see Exner, 1891, Fig. 61 ; Franceschini and Kirschfeld, 1971, Fig. 19) .
Light adaptation extinguishes this central spot but with careful inspection one can observe in some species (e.g. Red Admiral) that around the vague remnants of the spot a weakly reddish annulus emerges. In the Peacock we could discern four distinct yellowish patches. The observed pattern strikingly resembles the pattern of pigment concentrations near the rhabdoms shown in light-microscopy (Exner, 1891, Fig. 35 ; Nowikoff, 1931) and EM-preparations (Pieris brassicae, Tinbergen, in preparation). An annulus around the rhabdom image can also be observed with epi-illumination in the deep-pseudopupil of the light adapted eye of Hymenoptera (Franceschini, 1975; Franceschini and Kirschfeld, 1976; Stavenga and Kuiper, 1977) . The latter effect is caused by direct reflection on retinula cell pigment granules crowding near the rhabdom. We argue below that the same explanation holds for the butterfly observations.
The Two Components of the Deep-Pseudopupil
Above we described the two components of the deep-pseudopupil when observed with epi-illumination, i.e. the glowing central spot and the annulus arising during light adaptation around the disappearing central spot. In this section we will describe experimental tests of the hypothesis that in butterflies the observed phenomena are caused by retinula cell pigment granules as they gather around the rhabdom. In the case of the Hymenoptera this very hypothesis was proven by quantitative reflection measurements from different parts of the deep-pseudopupil (Stavenga and Kuiper, 1977) . Reflection from different parts of the deep-pseudopupil (Peacock) during light adaptation induced by an intense blue (488 nm) illumination during 1 rain (lower traces) and during the subsequent 1 min dark adaptation (test light 2~ > 780 rim). In a (part. of) the annulus is selected, in b the centre and in c the total deep-pseudopupil is measured. The fall in reflection of the ceritre during light-adaptation can be understood from the absorbing action of retinula cell pigment granules moving towards the rhabdoms. The increase in reflection of the annulus will be due to the increase of the scattering of light at the pigment granules. Note the difference in the time dependence of the contributions from centre and annulus In curve 1 the centre was measured exclusively. In the subsequent curves the measurement diaphragm was gradually widened, and consequently the contribution from the annulus increased, resulting in a more and more conspicuous biphasicness. The value of the diameter of the diaphragm is given for the object plane; thus, on the level of the deep-pseudopupil
We performed selective reflection measurements from the deep-pseudopupil on the Peacock butterfly. In Figure 3 is shown the change in infrared reflection induced by a saturating blue illumination (488 nm) lasting 1 min (applied after a dark adaptation time of 1 min). The upper curve (Fig. 3 a) is obtained with the measuring diaphragm in front of the photomultiplier adjusted around one of the four yellowish patches (mentioned above). The reflection rises monotonically during light adaptation and falls monotonically in the subsequent dark. Rather in contrast with this time course is the time course measured from the centre of the deep-pseudopupil (Fig. 3b) . Upon light adaptation a huge reflection decrease occurs, followed after some seconds by a slight and slow increase. In the subsequent dark this sequence is reversed. The measurement from the total deep-pseudopupil (Fig. 3c) yields, during light adaptation, an initial quick decrease, which is followed by a slower, but substantial increase in reflection. During dark adaptation the sequence is reversed.
It clearly appears from Figure 3 that the reflection time courses of centre and its surroundings are opposite. In a slightly different way we demonstrate this contrast in the experiment of Figure 4 . In this case we measured the infrared reflection from the deep-pseudopupil of the Small Tortoiseshell (blue-green stimulus light, 506 nm). We started with a small diaphragm around the central spot and step by step increased the diaphragm diameter, so admitting more and more reflection from the annulus. It emerges unequivocally that the larger the meastlrement area is, the more significant becomes the second phase during light adaptation. The results described so far are very similar to reflection measurements from Hymenoptera eyes (Stavenga and Kuiper, 1977) . In that case the second phase could be convincingly attributed to clustering retinula cell pigment granules. From the analogy we may conclude that pigment granules do migrate in the retinula cells of butterflies also, The contribution of the annulus to the measured reflection can, other than by a varying diaphragm, also be affected by using polarisers as shown in the next section.
The Use of Polarised Light
Above we distinguished the two components of the deep-pseudopupil by measurement of the reflection of different areas. Another method of separating the components, used successfully in the case of Hymenoptera, was the application of polarised light (Stavenga and Kuiper, 1977) . The results of this technique applied to the total deep-pseudopupil of the Small Tortoiseshell are shown in Figure 5 .
Light-adaptation occurred with stimulus wavelength 2s= 584 nm. Both light and dark adaptation time lasted 1 rain. The (saturating) irradiation induces at 584 nm a rapid and steep fall in reflection ( Fig. 5c; see Fig. 2b) . The same process was tested with polarised infrared light, 2 t > 780 nm. Polariser and analyser parallel (Fig. 5a ) yields the biphasic time courses similar to those obtained with unpolarised light (Fig. 3c and Fig. 4 ). However, with crossed polarisers (Fig. 5 b) the second phase of the light adaptation time course is distinctly Suppressed compared to the first phase. (In the parallel experiment on Hymenoptera we also observed a suppression of the second phase, in this case being even more conspicuous.)
The interpretation of this effect is as follows. The light reflected from the butterfly rhabdom has travelled twice through the length of this structure. Since fused rhabdoms are highly anisotropic (Snyder, 1975) a substantial change in the degree of polarisation of the light after the double passage is comprehensible. On the other hand reflection on the retinula cell pigment granules might not change the polarisation in principle. However, since the light has to traverse the turbid pigment cells (Fig. i) partial depolarisation will occur. The latter depolarising effect apparently is still less than that occurring in the rhabdom.
At the end of this section we consider the question why biphasic reflection curves have only been obtained in the infrared. Figure 6 serves as an illustration (Small Tortoiseshell). We measured the reflection from part of the annulus with stimulus wavelength 2s= 538 nm. Upon light adaptation the reflection in Fig. 5a -c. Reflection measurements from the total deep-pseudopupil in the Small Tortoiseshell. The 1 rain yellow light stimulus (584 nm, lower traces), induces a rapid fall in reflection at 584 nm (c). Polarised infrared test light (>780 nm) shows with analyser parallel to the polariser (a) a time course similar as with unpolarised light (compare Figs. 3c and 4) . With crossed polarisers the contribution to the reflection originating from the annulus is more suppressed than the contribution from the centre, The degree of polarisation of light transmitted twice through the rhabdom hence is more affected than that of the light reflected by the retinula cell pigment granules the green ()~t=538 nm; Fig. 6a ) appears to decrease whilst in the infrared (2t > 780 nm, unpolarised light; Fig. 6 b) the reflection increases, both processes being monotonic. From all evidence presented above, we can conclude that direct reflection on the retinula cell pigment granules will increase at all wavelengths; however, in the green this contribution will be minor, since in the visible range butterfly screening pigments absorb strongly (Langer, 1975) . Furthermore, the reflection component originating from the rhabdom in most cases will have an overwhelming influence, because the basal trachea effectively reflect Fig. 6a and b . Reflection from the annulus of the deep-pseudopupil in the Small TortoisesheIl. The green stimulus light (538 nm) yields upon light adaptation a reflection decrease at 538 nm, even from the annulus (a). The same measurement conditions, however, with infrared test light (> 780 nm; b) yield a large, monotonic reflection increase. These results are comprehensible when we notice that imagery in the deep-pseudopupil is not perfect; in the yellow-green the basal mirror is most effective and reflection on the retinula cell pigment granules is minimal, whereas in the infrared the reverse holds at visible wavelengths. Since imagery ill the deep-pseudopupil never is perfectly geometrical the rhabdom reflection component hence can remain the only conspicuous one, even when measured outside the centre of the deep-pseudopupil.
Our analysis of the components of the deep-pseudopupil of butterflies yielded clear analogies with the results obtained in the case of Hymenoptera (Stavenga and Kuiper, 1977) . Hence we may state that in the retinula cells of butterflies the pigment granules fulfill a pupil function similar as occurs in Hymenoptera. Some characteristics of tile concluded pupil mechanism will be studied next.
Intensity Dependence of the Pupil Mechan&m
The illumination intensities applied so far were saturating. The effect of a variety of light intensities will be investigated in this section. Figure 7a gives the time course during light adaptation of the log reflectance at a number of intensities of green light (2s = 2t= 538 nm; Red Admiral). Specifically, Fig- 
ure 7a represents l~ t=O)/R(I, 0], where R(L t) is the reflection from
the total deep-pseudopupil at time t after onset of the illumination, having intensity/. It follows from Figure 7a that the more intensive the illumination is, the more powerful is the pupil effect. The final equilibrium is reached after several seconds. The ultimate reflectance change, after 20 s illumination, is given in Figure 7b as a function of log illumination intensity. The resulting sigmoid curve covers about 3 log units. In order to observe the time course of the pupil during both light and dark adaptation at different intensities of irradiation the sub-threshold infrared test beam was used. curves in the infrared only occur above a certain stimulus light intensity. Apparently the two components have a different dependence on light intensity, which difference can be assumed to be related to their different time dependence. Other than applying long term illuminations it is interesting to measure pulse responses. In Figure 9 flashes of green light, 2~= 538 nm, of duration 0.2 s were given, and the reflection changes were measured again in the infrared (Red Admiral). Obviously the pupil system is not quite a linear one. Both amplitude and time course of the pulse response depend distinctly on intensity. At the maximum intensity the time course becomes complex due to the complicated reflection processes amply discussed above. Yet, an important feature to note is that the force driving the pigment granules towards the rhabdom can last for a few seconds after the light flash (see Franceschini and Kirschfeld, 1976 ). Next we describe the dependence of the light adapted pupil on the preceeding dark adaptation time. 
Dependence of Pupil Time Course on Preceding Dark Adaptation Time
The light adaptation time course of the pupil after a variety of dark adaptation times is given in Figure 10 . The reflection was measured with red light, 2t= )cs= 632nm; the irradiation lasted 9s. It proves that the longer the preceding time in darkness, the larger the initial reflection. This implies that the transmittivity of the rhabdom increases with time darkness. Furthermore, is appears that the subsequent light adaptation process is slowed down by a longer dark time.
The same features occurred in the case of Hymenoptera in transmission measurements. The explanation of the phenomena will be again that the number of pigment granules near the rhabdom progressively falls with longer time in darkness td. After longer times in darkness the subsequent light adaptation course will proceed more slowly since the pigment granules have to cover longer distances.
One will notice in Figure 10 the slightly biphasic character of the curves. The origin of the slight reflection increase later on is due to the contribution to the reflection by the retinula cell pigment granules. We have chosen the red wavelength since here no appreciable photochemical effects were detectable. Applying the same procedure at shorter wavelengths quite substantial photochemical effects can be observed (see also Stavenga, 1975a Fig. 10 . Dependence of the time course of the pupil on the preceding dark adaptation time (Peacock). Both stimulus and test wavelengths were 632nm. It proves that the longer the preceding time in the dark, the slower the pupil closes, i.e. the longer it takes before the retinula cell pigment granules reach the rhabdom. (The slight increase after several seconds light adaptation is due to pigment granule reflection.) The increase of the initial value indicates that the pigment granules continually move away from the rhabdom during the dark whether or not an observed reflection change has a photochemical basis is the topic of the following section.
Distinction of Pupil Effects from Photochemical Processes
At visible wavelengths virtually all of the reflection from the deep-pseudopupil is light which has travelled twice through the whole length of the rhabdom. Since the rhabdom contains the visual pigments, one encounters in optical measurements on the living butterfly eye both pupil effects and effects of photochemical processes in the visual pigments.
The experiment of Figure 11 was executed to indicate criteria for distinction of both effects (Red Admiral). The reflection curves shown were measured with blue light (488 nm), however, the intensity was dropped in steps of one log unit going from Figure l la to b, c and d. (The oscilloscope sensitivity was increased accordingly.) In Figure 11 a-d the procedure was as follows. First a saturating UV-illumination (373 nm) was given (measurement not shown). Then, after 1 min darkness the lowermost curve was recorded.
In Figure 11 a this curve shows a steeply rising transient which levels off into an already (see Fig. 2a ) familiar pupil curve. After a subsequent 1 min darkness the reflection time course was recorded again. Only a small, falling, transient is left and otherwise a normal pupil curve is shown. Repetition of the latter procedure produces an almost identical curve. Apparently the effect of the pre-illumination with UV is erased by the first (intense) blue illumination. In order to understand the curves we recall that UV-absorbing visual pigments of insects have a blue absorbing metarhodopsin (Hamdorf et al., 1973) . Taking the existence of a UV-rhodopsin for granted the first blue irradiation will, during the first seconds, reconvert most of this metarhodopsin into the native UV-rhodopsin state. Presumably after about 2 s the photoequilibrium of the visual pigment is reached and then only the pupil effect remains. The equilibrium of the pupil is approximately reached at the end of the 9 s illumination time. The subsequent blue illuminations encounter visual pigment in equilibrium and thus only affect the pupil. (Yet, a photochemical transient remains which we tentatively associate with the green rhodopsin; see Stavenga, 1975a , c, in view of the transient in Fig. 2a) .
In Figure 11 b the intensity of the blue light is ten times lower than that of Figure 11 a. The "time course of the pupil is not conspicuously affected by this different intensity. (That the time constant of the pupil is hardly dependent on intensity is shown in Fig. 7a. ) However, the lowermost curve (which as in Fig. 11 a was preceded by UV-adaptation and 1 min darkness) exhibits a much less steep transient than the corresponding curve of Figure 11 a. Since photochemical processes have time constants inversely proportional to light intensity (see e.g. Hamdorf and Schwemer, 1975 ) the change in slope of the transient is a clear indication for its photochemical nature. Subsequent to recording of the lowermost curve the first overlying one was measured after 1 rain darkness. The same procedure produced the next overlying curve and so on. Clearly the photo-equilibrium is in this case reached much more slowly than in Figure 11 a as a result of the lower light intensity.
A further slowing down of the transient occurs in Figure 11 c. Finally, in Figure 11 d no noticeable photochemical effect is apparent within the 9 s illumi- From Figure 11 we conclude that pupil and photochemistry in principle can be disentangled by exploiting their different dependence on light intensity. We have presented in the Appendix a set of formulae with which experimental curves such as those of Figure 11 can be described quantitatively. However, a general quantitative description of the experimental curves is complicated, as can be appreciated from the example in Figure 12 . The experimental conditions were almost identical to those of Figure 11 a. The first blue reflection curve (488 nm) was again measured after a pre-illumination with UV (373 nm). However, now the intermittent dark adaptation time was 60 min. A slow pupil curve results (see Fig. 10 ), which has a complicated onset: first a steep fall, a quick rise and a slower increase before the levelling off into the pupil curve. Subsequently the UV-illumination was applied again and after 1 min dark adaptation the 488 nm illumination was given. A much quicker pupil curve emerges with a steep up-going transient, similar to the lowermost curve of Figure 11 a. After 1 min more dark adaptation the next blue illumination yielded a similar curve to the uppermost curves of Figure 11 a.
Apart from the slowing down of the pupil speed, prolonged dark adaptation obviously affects the visual pigments. We have concluded from dark adaptation experiments with longer wavelength light that probably a green rhodopsin exhibits dark regeneration (Stavenga, 1975a, c) . Possibly the UV-rhodopsin also is regenerated in the dark, but the results obtained so far are preliminary. It is seen from the transient in Figure 12 (see Fig. 11 a, b ) that at least a few photoproducts are involved, some living in the order of milliseconds. Probably, however, these photoproducts are not part of the UV-rhodopsin cycle, but are intermediates in the photochemical cycle of the green rhodopsin (see the transient in Fig. 2b) ; for, more than one visual pigment will be contained in the fused butterfly rhabdom. Therefore the analysis of the visual pigments' photochemistry from reflection measurements will be a tedious enterprise, the picture also being confused by the complication of the pupil's contribution. All the same, from the present study we believe we now understand in a sufficiently qualitatively fashion the factors which are important in the optical measurements in order to proceed to further quantification.
Discussion
We investigated the pupil mechanism of nymphalid butterflies optically with procedures similar to those used in the case of Hymenoptera (Stavenga and Kuiper, 1977) . Since the processes observed in both insect orders appeared to be similar, when taking into account the existence in butterflies of a basal mirror, we concluded that migration of pigment granules occurs in butterfly retinula cells. The same conclusion was drawn previously on the basis of analogies between experiments performed on butterflies and flies (Stavenga, 1975a) . The proof of the abundant existence of pigment granules in butterfly retinula cells (Tinbergen, in preparation) provides a further necessary basis for a pigment migration hypothesis. 1 Light-dependent migration of pigment granules in photoreceptor cells probably occurs in numerous insect species as follows from histology (reviewed in the recent paper of Franceschini and Kirschfeld, 1976) and optical investigations (see Exner, 1891; Franceschini, 1975; Franceschini and Kirschfeld, 1976; Stavenga, 1975d) . Whether or not one basic mechanism exists is unsettled;, however, a comparison of the data acquired so far from Hymenoptera, butterflies and flies yield very common characteristics, which we hope to discuss in detail in a report devoted to the pupil mechanism of flies (Stavenga, Witpaard and Kuiper, in preparation) . We remark here that all the variations in optical phenomena between the studied species can be interpreted in terms of differences in structural and spectral properties. One major exception, however, is the variation in pupil speed. Whereas the pupil of butterflies closes with a time constant of only a few seconds (see Franceschini and Kirschfeld, 1976 ) the Hymenoptera pupil mechanism has a time constant of about 10 s. Possibly this is due to relatively bigger retinula cell pigment granules in. the case of the Hymenoptera.
The vivid behaviour of the butterfly pupil mechanism is completely at variance with the sluggish adaptation effects known of the superposition eyes of moths (Exner, 1891; see Walcott, 1975) . There the pigment migration occurs in the pigment cells and takes several minutes. Swihart et al. (1974) have argued that the difference in speed between the extinguishment of butterfly glow and that of moth glow rules out the hypothesis that in butterfly eyes pigment migration 1 Most recently W. Ribi has shown with histological methods that pigment migration occurs in the retinula cells of the Large Cabbage-white Pieris brassicae (unpublished observation). Since we obtained from Pieris experimental results very similar to those reported here of nymphalid butterflies we regard this histological observation as a valuable and final proof of the pigment migration hypothesis occurs. Since the pigment migration system of moths is quite different from that concluded by us for butterflies we consider the comparative argument as inadequate.
If we assume that the pupil mechanism of the apposition eyes discussed above are basically the same, at least with respect to their performance, we can utilize the formulae for the reflection from the butterfly rhabdom given in the Appendix, in order to investigate both pupil processes and the photochemistry of the visual pigments more quantitatively.
A quantitative description of the reflection On the retinula cell pigment granules must await further study. From a comparison of Figures 6b and 7a it is likely that the annulus reflection is approximately a linear function of the number of pigment ~ranules near the rhabdom. An analysis of annulus reflection will be of general interest, since we have observed biphasic reflection curves upon light adaptation in a wide variety of apposition eyes as in cockroach, cricket, dragonfly (and even in the superposition eyes of skippers).
The fact that in butterflies biphasic reflection curves can only be measured in the infrared is due to the high reflectance of the basal mirror at visual wavelengths and the decrease of this reflectance towards longer wavelengths. Still, the spectral sensitivity of the pupil mechanism must fall much more steeply, since sub-threshold measurements at visual wavelengths deliver a poor signal-tonoise ratio, whilst good sub-threshold test measurements are easily made in the far infrared (Figs. 3-6, 8, 9 ), provided the photomultiplier has an extended spectral range. The steep fall of the pupil mechanism sensitivity towards the red is no surprise in view of the evidence that the spectral sensitivity of the retinula cell is the determinant (Franceschini, 1972, Drosophila; see Swihart et al., 1"974; Stavenga, 1975a; Bernard, 1976) . It hence follows that the dynamics of the pupil mechanism can be investigated advantageously with an infrared test beam. Furthermore, the use of infrared light avoids the contamination I of pupil measurements by photochemical processes.
Admittedly, a draw-back to the infrared measurements lies in the complexity of the reflection curves at higher illumination intensities. As we have demonstrated the complexity is the consequence of the retinula cell pigment granules reflecting effectively (infra) red light. Whereas the reflection spectrum of the pigment granules peaks in the red the absorption spectrum peaks in the greenyellow (Stavenga, 1975a) . The shift in peaks between absorption and reflection spectrum must be attributed in part to the phenomenon of anomalous dispersion (see Franceschini and Kirschfeld, 1976) .
We conclude that the hypothesis that pigment migration occurs in the retinula cells of butterflies is reinforced. We have obtained some knowledge on dynamic and spectral properties of the pupil mechanism. The system itself can be exploited for investigating retinula cell characteristics (Bernard, 1976) . By knowing now how to avoid or to account for the action of the pupil mechanism the photochemistry of butterfly visual pigments can be studied in completely intact, living animals.
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Appendix. Reflection from the Butterfly Rhabdom
The transmission of a rhabdom of length L can be described by (Snyder, 1975) T.(2) = T~(2) T~o (2) (1) with L T~i ()~) --exp [-S 17 (x, ) (4) We have to remark that additional to this term there will be backscattering from the rhabdom due to inhomogeneities, as proved to be the case in the Hymenoptera (Stavenga and Kuiper, 1977) , where no mirror exists (or Mb=0 ). However, in the butterfly this additional reflection can be neglected.
The reflection from the rhabdom varies with time when either Tri or Tro or both are time dependent. (For, we can take for granted that the basal trachea do not change in time, or, M b is constant.) Since the medium within the rhabdom is made up of visual pigment a time dependence of the transmission within the rhabdom, Tri is effected by visual pigment processes, or, by a varying extinction coefficient ~:,. A number of relevant cases, where ~c v changes due to photochemical or dark regeneration processes in the visual pigment are discussed by Hamdorf and Schwemer (1975) .
A time dependence of the transmission outside the rhabdom T~o results when ~:s varies, e.g. when the extinction of the medium surrounding the rhabdom changes by a varying amount of screening pigment granules in the retinula cell bodies. In' the latter case this variation not only affects the reflection of the rhabdom R r, but also the reflection Ra from the annulus around the rhabdom, or more specifically, from the annulus in the deep-pseudopupil.
In all experimental recordings presented the action of the migrating retinula cell pigment granules is dominantly present. Visual pigment processes are noticeable in Figure 2a (the transient) and are conspicuous in Figure 11 and 12. Pure photochemical processes can be obtained at extreme light intensities, so that the time constant is in the order of milliseconds, i.e. very short compared to the pupil time constant (see Figs. 11 a and 12) . Pure dark regeneration processes can be investigated at very low light intensities, i.e. below pupil threshold (see Stavenga, 1975c) .
